The Colorado Mineral Belt (CMB) is a northeast-trending belt of Laramide and older magmatism that coincides with a profound negative Bouguer gravity anomaly that is among the largest gravity anomalies in North America. Additionally, the CMB coincides with a region of low seismic velocities in the uppermost mantle indicated by travel-time tomography based on teleseismic arrivals. The subsurface structure of the intrusive bodies that comprise the CMB remains uncertain, and the relation of these intrusives to the present-day density structure of the underlying mantle is unclear. This study explores simple distributions of sub-surface mass deficits that can exp lain the CMB negative Bouguer gravity anomaly, constrained by geologic estimates of the extent of crustal plutonic bodies and by seismically-inferred crustal and upper mantle density anomalies. We discuss the viability of our first-order forward models and their consistency with seismic observations, and suggest refinements that can improve our understanding of the structure of the CMB.
INTRODUCTION
The Colorado Mineral Belt (CMB) is a northeast-trending belt of Laramide and older magmatism (Mutschler et al., 1987) that extends more than 200 kilometers (km) across central Colorado and coincides with one of the most negative Bouguer gravity anomalies in the United States (Case, 1965; Isaacson and Smithson, 1976) . The Laramide (Late Cretaceous to Oligocene) magmatism is typically expressed at the surface as relatively small shallow intrusive bodies associated with major gold, silver, lead, and molybdenum deposits (Tweto and Sims, 1963) . Proterozoic rocks show evidence for magmatic episodes and shear zone movements around 1.7 billion years ago (Ga), 1.4 Ga, and 1.1 Ga focused along the CMB (McCoy et al., this volume; Shaw et al., 2001; Nyman et al., 1994; Barker et al., 1975) .
A Bouguer gravity map of Colorado constructed using data of Oshetski and Kucks (2000) shows two major negative anomalies that are among the most prominent features in North America gravity (Figure 1 ). The northern negative anomaly is centered on the CMB and the southern anomaly is centered on the middle to late Tertiary (mainly Oligocene) magmatic centers of the San Juan Volcanic Field (Figure 1 ). Negative Bouguer gravity anomalies reach values of -340 milliGals in the CMB and -337 milliGals in the San Juans.
Crustal thickness estimates based on teleseismic receiver functions ind icate little crustal thickening from the Colorado Great Plains (49.9 km average thickness) to the Colorado Rocky Mountains (50.1 km average thickness), suggesting that the high topography of the Colorado Rocky Mountains is probably not simply compensated by an Airy-type crustal root (Sheehan et al., 1995) . Recent seismic studies in the southern Rocky Mountains have confirmed these observations, suggesting that the high topography of the Colorado Rocky Mountains must be supported by some combination of Airy and Pratt isostasy (e.g., Li et al., 2002; Snelson et al., this volume) .
In this study, we explore Pratt and Airy-type forward models along northwest-trending profiles across the CMB in order to explain the observed negative Bouguer gravity anomaly. Medium to short-wavelength (100 km) negative gravity anomalies can be adequately matched with inferred low-density structures in the crust, consistent with geologic mapping that suggests the presence of crustal intrusions in the CMB. The longer wavelength (400 to 500 km) gravity low across the CMB is adequately explained by low-density structures in either the uppermost mantle or the lower crust (as there is no geologic evidence for an extensive, 500-km scale, lowdensity body in the upper crust). In our modeling we explore both possibilities and discuss the non-uniqueness of our results.
We recognize that shallower, crustal features that explain the long-wavelength gravity low across the CMB are consistent with surface-wave tomographic studies in the region that suggest low crustal densities below the Sawatch Mountains region in the central CMB (Li et al., 2002) . However, to explain the 500 km scale gravity low surrounding the CMB, we find that a low density body in the lower crust would need to be regionally extensive, extending well beyond the CMB to the northwest and southeast. Current seismic interpretations of crustal structure in this region preclude such a low-density structure in the lower crust (Rumpel et al., this volume; Snelson et al., this volume) .
On the other hand, low densities in the uppermost mantle are consistent with travel-time tomographic results that show low seismic velocities in the upper mantle beneath the CMB region (Deuker et al., 2001 ). These results suggest that a low-velocity upper mantle anomaly is centered on the CMB, with up to 2 percent slower P-wave velocities than expected at depths of 50 to 250 km (Deuker et al., 2001 ). This low-velocity body is interpreted as a lithospheric anomaly derived from partial melt content due to melting of olivine-poor lithologies. We highlight below the issue of whether the low-density bodies occur in the lower crust or upper mantle in the density models of this paper and suggest that important future advances can be made by more detailed studies of the CMB combining seismic and gravity modeling.
METHODS
The observed Bouguer gravity values were extracted from a regional Colorado Bouguer gravity dataset (Oshetski and Kucks, 2000) along northwest-trending profiles across the CMB (Profiles 1, 2, 3, and 4 in Table 1 and Figures 1 and 2) . Gravity data within a 4-km wide swath were projected orthogonally onto these profiles using Generic Mapping Tools (GMT; Wessel and Smith, 1991) . The gravity data were also gridded using the GMT grdtrack function, a bicubic interpolation of neighboring values onto the central profile line. Data extracted along each profile using both the swath-width method and the gridded data are plotted in Figure 2 .
A two-and-a-half dimensional modeling approach was used to determine the geometries and densities of subsurface bodies. We used forward-modeling software based on the Talwani method of calculating predicted gravity from bodies of arbitrary geometry (our code was written by D. Roberts, and is a rewrite of tal.25dgrav by S.F. Lai; Talwani et al., 1959, and Cady, 1980) . Matlab pre-and post-processors allowed for efficient organization and alteration of input files and graphical output. Input parameters included (a) the geometries of the modeled bodies defined by vertices with x,y coordinates in the two-dimensional planes of the profiles, (b) the densities of the modeled bodies defined with respect to an upper crustal density of 2,750 kilograms per cubic meter (kg/m 3 ), and (c) the distances to which the bodies are to be projected into and out of the plane of the profile (hence the two-and-a-half dimensionality of the model).
OBSERVED GRAVITY ANOMALIES
The observed Bouguer gravity anomalies along the profiles are composites of several anomalies with varying wavelengths (Figures 2a through 2d ). First, a regional trend in the Bouguer gravity is present, with generally more negative values to the northwest (Figures 2a and  2b ). This regional trend is likely a reflection of gradually thickening crust f rom southeast to northwest, or a gradual reduction in average subsurface densities, or a combination of both. If we attribute this trend completely to a thickening of the crust, the amount of thickening required to explain the regional trend is no more than 4 or 5 km over a distance exceeding 500 km, which is well within errors of seismic Moho determinations. We do not attempt to remove this longestwavelength regional trend in the current study; instead, we maintain a crust of constant thickness and focus on modeling the 500 km or shorter wavelength anomalies that are described below.
The longest wavelength anomaly we model is the 400 to 500-km wide anomaly with a shape that resembles a shallow dish with steep shoulders centered on the CMB. This anomaly probably reflects a low-density body present in the lower crust or upper mantle. Additionally, a shorter-wavelength (200 km) anomaly that coincides with the boundaries of the CMB as defined by Tweto and Sims (1963) appears to represent a shallower low-density body in the crust. Finally, the very short-wavelength (several km) Bouguer gravity variations probably represent density variations associated with lithologic changes in the upper and middle crust.
FITTING A MODEL TO THE OBSERVED ANOMALIES
Unlike the Himalayas and the central Andes (Zhao et al., 1993; Zandt et al., 1994) , the negative Bouguer gravity anomaly of the CMB cannot be explained by Airy-type isostasy. Figure 3 shows the predicted gravity anomaly if high topography were supported by an Airy-type crustal root along Profile 3. The most negative predicted gravity value coincides with the most negative observed Bouguer gravity value and the highest topography along the profile. However, the predicted gravity anomaly has more negative values along the sides of the CMB than observed, and less negative values at the center of the CMB. This is consistent with seismic studies that find a lack of a thick crustal root beneath the Colorado Rocky Mountains, suggesting the importance of Pratt isostasy (Sheehan et al., 1995; Li et al., 2002) .
The gravity models presented in this paper are non-unique solutions with built-in assumptions about the densities of the Earth's crust and mantle. The assumptions used in this study include an upper crust with a density of 2,750 kg/m 3 , a lower crust with a density of 2,950 kg/m 3 , a mantle with a density of 3,280 kg/m 3 , and a body in the crust with a density of 2,600 kg/m 3 . The upper crust is 20-km thick, in accordance with the Conrad discontinuity indicated by seismic refraction studies (Snelson et al., this volume; Rumpel et al., this volume) , and the lower crust is 25-km thick, giving a total crustal thickness of 45 km consistent with seismic observations. The assumed upper crustal density is similar to that determined for Precambrian rocks in the Sawatch Range and Elk Mountains of central Colorado (2,710 kg/m 3 , Isaacson and Smithson, 1976 ; 2,760 kg/m 3 , Tweto and Case, 1972) . The assumed density of a body in the crust is similar to that determined for Te rtiary granitic rocks in the Sawatch Range and Elk Mountains of central Colorado (2,630 kg/m 3 , Isaacson and Smithson, 1976 ; 2,620 kg/m 3 , Tweto and Case, 1972) . The density contrast between the upper crust and the body in the upper crust is 150 kg/m 3 , whic h is within the typical range of 50 to 180 kg/m 3 measured in samples of granites and the country rocks in which they are emplaced (Bott and Smithson, 1967) . The increase in background density in the lower crust is an attempt to reflect the depth-variation of densities for continental rocks, although we recognize that future refinements of this work will need to incorporate realistic density-depth relations for crystalline rocks (e.g. Christensen and Mooney, 1995) .
In Figures 4a and 4b , we explore models with low-density mantle bodies that can explain the relatively long-wavelength (400 to 500 km) dish-shaped observed Bouguer anomaly across the CMB. We attempt to model this anomaly along Profile 3 with a body in the mantle that is thick and has a small density contrast of 20 kg/m 3 ( Figure 4a ). Then, we attempt to model the same anomaly with a thinner body with a larger density contrast of 100 kg/m 3 ( Figure 4b ). It is easily observed that the wavelength produced by the thinner body with the higher density contrast is a better fit to the wavelength defined by the shoulders of the shallow dish-shaped observed anomaly. The wavelength defined by these shoulders also places some constraints on the horizontal width of the model body. As the horizontal width is decreased (Figure 4c ), the modeled anomaly develops a shorter wavelength.
We also attempt to model the shallow dish-shaped observed anomaly with a body in the lower crust (Figure 5a ) or a Moho with varying elevation (Figure 5b) . A body in the lower crust with a density of 2,800 kg/m 3 and a thickness of about 10 km provides a good fit of the observed anomaly. Rayleigh-wave tomography (Li et al., 2002) and seismic refraction observations (Snelson et al., this volume; Rumpel et al., this volume) show a range in Moho depth of about 10 km, from depths of 40 to 50 km, and this Moho topography may explain part of the shallow dishshaped anomaly. Figures 5a and 5b show that both a low-density body in the lower crust and Moho topography provide good fits of the observed gravity and illustrate the fundamental nonuniqueness of gravity modeling, suggesting that further seismic work is required to determine the relative importance of low densities (if present) in the lower crust, low densities in the uppermost mantle, and/or crustal thickness variations. In this paper, we confine our presentation to models that incorporate low densities in the mantle, consistent with recent tomographic findings (Dueker et al., 2001; Li et al., 2002; Lee and Grand, 1996) .
The shoulders of the shallow dish-shaped anomaly represent steep gradients in gravity values and are asymmetric; the northwestern shoulder has more negative Bouguer gravity values. A model body that is thicker at the northwestern end provides a good fit of the ano maly's asymmetric geometry. This geometry may also represent lateral variations in density contrasts between the body and the mantle. Below, we present models that explore the best geometries for subsurface density bodies that explain the observed Bouguer gravity along Profiles 1 through 4.
RESULTS OF FORWARD MODELING
The model bodies that fit the observed gravity along the four profiles have some common features. The low-density body in the crust extends from shallow crustal depths (several km below land surface) to about 20-km depths in each profile. The crustal body is about 150 to 200-km wide near the surface, but narrows to 10 to 20-km wide in the middle crust.
The low-density body in the upper mantle is asymmetric and is thicker at its northwestern endpoint than in its central portion. In the southern CMB, along Profiles 3 and 4, the low-density body in the upper mantle is thicker at both endpoints than in its central portion. The body in the mantle is typically 10 to 20-km thick in its central portion, and is 400 to 500-km wide. Although we recognize the trade-off between the depth-extent of the low-density body in the upper mantle and the density contrast between this body and the surrounding mantle (Figure 4) , the wavelength and shape of the observed anomaly around the CMB leads us to favor a shallow upper mantle body with greater density contrast.
Profiles 1 through 3
Along Profiles 1 through 3 (Profile 1 is the northeasternmost profile; Figure 1 ), the Moho separates a lower crust with a density of 2,950 kg/m 3 from a mantle with a density of 3,280 kg/m 3 ( Figures 6, 7 , and 8). The regional dish-shaped anomaly is modeled with a body below the Moho with a density of 3,180 kg/m 3 , which represents a density contrast of 100 kg/m 3 . In all cases, this body is more than 400-km wide and asymmetric (Table 2 ). In Profile 3, the required body is slightly wider than in Profiles 1 and 2. In all profiles, the northwestern end of the body is thicker than the central portion of the body. In Profiles 3 and 4, in the southern part of the CMB, both ends of the body are much thicker than the central portion of the body (Table 2 ). In contrast, Profile 2 requires an upper mantle low-density body that is almost uniformly thick (20 km) across the entire region ( Table 2 ).
The shorter, 200-km wavelength anomaly was modeled in Profiles 1 through 3 with a body in the crust with a density of 2,600 kg/m 3 (Table 2; Figures 6, 7, and 8). In all three cases, the body is 10-20 km wide in the middle crust and 165-200 km wide near the surface. It is about 20-km thick in its central portion and has 'wings' that taper and pinch out at shallow depths.
Profile 4
Along Profile 4 (southwesternmost profile; Figure 1) , the results for the upper mantle body are similar to Profiles 1 and 3 above, in that the body is 480-km wide and asymmetric. The body is 35-km thick at its southeastern end and is 45-km thick at its northwestern end. As in Profile 3, the body's endpoints are more than twice as thick as the central portion of the body.
The short-wavelength anomaly was modeled with a body in the crust with a density of 2,600 kg/m 3 ( Figure 9 ). The body is 35-km wide in the middle crust and 142-km wide near the surface. It is 17-km thick in its central portion, and about 5-km thick at its endpoints. Although this body has the winged geometry seen in crustal bodies in Profiles 1, 2, and 3, there is a general thickening of the crustal body in Profiles 3 and 4, in a southwestern direction along the CMB.
A short-wavelength positive anomaly located southeast of the CMB was modeled with a relatively high-density body in the upper crust. This body is 50-km wide and 7-km thick and has a density of 2,950 kg/m 3 . This high-density upper crustal body is one possible interpretation of this gravity feature. The gravity feature coincides closely with outcrop of the Lower Cretaceousage Dakota Sandstone and Purgatoire Formation (Tweto, 1979) , sedimentary rocks that are not likely to generate positive density contrasts in the upper crust. We suggest that further work needs to be done to investigate other (possibly deeper) density anomalies that might explain this gravity feature.
DISCUSSION
The negative Bouguer gravity anomaly of the CMB is similar to that of other parts of the U.S. Cordillera (e.g., the southern Sierra Nevada, Wernicke et al., 1996) , in that it cannot be explained by simple Airy-type isostasy. In the southern Sierra Nevada, for example, Wernicke et al. (1996) explained the negative Bouguer gravity anomaly through a combination of lateral changes in crustal and mantle densities and proposed asthenospheric upwelling beneath the high mountains. Previous work on the CMB Bouguer gravity anomaly in the vicinity of the Sawatch Range and the Elk Mountains attributed the anomaly to a granitic batholith (Isaacson and Smithson, 1976) . Isaacson and Smithson (1976) determined a maximum depth to the top of the low-density body to be 12 km and thus concluded that the negative anomaly is in the upper crust. Tweto and Case (1972) showed similar findings for the Sawatch Range near Leadville, Colorado. Isaacson and Smithson (1976) note the close correlation between the negative Bouguer gravity anomaly and outcrops of Cretaceous and Tertiary granitic stocks.
In the current study, our models define two major contributions to the regional gravity anomaly across the CMB. First, a low-density 'batholith-like' body in the crust, that is wide and sheet-like in the upper crust, with a narrower root extending into the middle crust. We find that this crustal body thickens to the southwest, and is thickest in Profiles 3 and 4 in the southwestern part of the CMB. Additionally, along each profile, we model a regional dish-shaped anomaly (over 500-km wide) that may be explained by a low-density body in the uppermost mantle. This body is over 400-km wide in all parts of the CMB, and generally thicker at the endpoints than in the central portion (although we note that in Profile 2 this body may be almost uniformly thick across the ent ire region). In all cases, the best-fit model has an asymmetric body in the upper mantle, thicker at the northwestern edge of our study area. We recognize that the changes in thickness in the modeled upper mantle body may equivalently be represented by lateral changes in density, rather than thickness.
In this work we have ignored upper-crustal density variations important to resolving the short-wavelength gravity features across the study area. To refine our understanding of the size and shape of a large, crustal-scale batholith beneath the CMB and a regional-scale upper mantle low density body, we need further work to combine seismic and gravity observations. For example, geologic maps and upper-crustal seismic velocity models combined with velocitydensity scaling relations (e.g., Christensen and Mooney, 1995) will be useful to determine the short-wavelength (10 km) variations in density and gravity. These will in turn highlight the nature of the more regional (over 200-km scale) gravity features. Furthermore, better resolution in seismic tomography models might be able to help resolve the size and shape of the zone of low densities in the uppermost mantle (e.g., resolve whether the body in the uppermost mantle does change appreciably in thickness and/or density across the region). Figure 1 . Bouguer gravity data of Oshetski and Kucks (2000) draped over 1-kilometer digital elevation model topography, and profiles used in gravity modeling of the Colorado Mineral Belt. Tweto and Sims's (1963) boundary of the Colorado Mineral Belt is outlined in black. Estimated P-wave velocity variation contours from Dueker et al. (2001) are in red (-1.25%) and orange (-1%). Figures 1 and 2 are made using the public domain Generic Mapping Tools software (Wessel and Smith, 1991) . 
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